The purpose of this research was to study the correlation between phenolic compounds and antioxidant as well as anticorrosive activities of different extracts of Ammi visnaga. The antioxidant capacity was evaluated by 2,2-diphenyl-1-picrylhydrazyl (DPPH • ). The phenolic compounds, namely, total phenol content (TPC), total flavonoids content (TFC), and condensed tannins (CT), were determined by FolinCiocalteu, Quettier-Deleu, and Broadhurst methods, respectively. In addition, the inhibiting effect of different extracts of A. visnaga on mild steel in 1 M HCl solution was investigated by potentiodynamic polarization (PP) and electrochemical impedance spectroscopy (EIS). The obtained results revealed that the mixed aqueous extract had a high level of phenolic compounds when compared with pure solvents. Hydroalcoholic extract had the highest radical trapping capacity (IC50 = 1.7 mg/mL) compared with standard butylated hydroxytoluene (BHT) (IC50 = 0.2 mg/mL). The PP tests showed that the extracts act as mixed inhibitors, whereas EIS measurements indicated that action inhibition of mild steel can be explained by the adsorption of active compounds at the metal surface. The trends between condensed tannins and antioxidant activity, as well as the inhibition efficiency derived from Tafel plots and EIS, were revealed, respectively.
INTRODUCTION
Ammi visnaga is a perennial plant belonging to the umbelliferae (Apiaceae) family. It is widely distributed in North Africa, Europe, the Eastern Mediterranean region, southwestern, Asia, North America, Argentina, Chile, Mexico, and Atlantic islands [1] . The main active constituents of this genus are coumarin and its derivatives, flavonoids, and furanochromone [2] . All flavonoids described in Ammi species can be classified into flavonols (quercetin, kaempferol, and isorhamnetin) and flavones (apigenin, luteolin, and chrysoeriol). These types of flavonoids have been shown to be powerful antioxidants and free radical scavengers [3] [4] [5] .
The contents of these compounds in dried fruits varies widely according to genetic factors and environmental conditions [6] . The yield of phenolic compounds in the extract depends on several factors: type of solvent, extraction method, extraction time, temperature, composition, as well as physical characteristics of the sample, such as texture [7] . Several different methods are available and have been used to assess the antioxidant activity of plant extracts, including the 2,2′-azinobis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt (ABTS) assay [8] , the total antioxidant capacity (TAC), the 1,1-diphenyl-2-picrylhydrazyl (DPPH • ) test [9] , and the ferric-reducing antioxidant power (FRAP) assay [10] . Previous studies [9, 8, 11] have used only one assay method to assess the total antioxidant activity of plant extracts. In the present study, we evaluated the antioxidant activity of different extracts by DPPH
• assays. The DPPH • method is preferred because it is fast, stable, easy, reliable, and does not require a special reaction and device.
On the other hand, several studies have investigated mild steel corrosion in acidic environments because of its many applications in the industrial field. However, its susceptibility to rusting in humid air as well as its high dissolution rate in acidic solutions are the major obstacles for its use on a larger scale without protection. Electrochemical corrosion is generally caused by the potentials between the metal and a strong acid. The aggressiveness of hydrogen ions and dissolved oxygen are referred to as natural motors of corrosion [12, 13] . Due to this problem, corrosion inhibitors are required. Indeed, many synthetic compounds have been studied as corrosion inhibitors [14] [15] [16] , which offer good anticorrosive action, but most of them risk being highly toxic to both humans and the environment. In the last decade, researchers have evaluated the use of ecofriendly compounds, as green corrosion inhibitors, of mild steels to replace toxic chemicals currently in use. Indeed, several studies have been carried out on corrosion inhibition by using essential oils [17, 18] and plant extracts [19] [20] [21] [22] [23] . All of them have been reported to be good inhibitors for various metals and alloys in different acidic media.
The focus of this work is to study the correlation between phenolic compounds of different extracts of A. visnaga and their antioxidant and corrosion inhibition properties. Furthermore, the impact of solvents, namely, water, ethanol, and ethanol/water, is also taken into account. Corrosion behavior is evaluated by potentiodynamic polarization (PP) and electrochemical impedance spectroscopy (EIS).
EXPERIMENTAL PART

2.1.
A. visnaga was collected from the Taounate region of Morocco in July 2017. The botanical identification of the species was carried out in the Laboratory of Biotechnology and Preservation of Natural Resources (BPNR), Sidi Mohamed Ben Abdellah University, Fez, Morocco. The extracts were obtained ultrasonically, mixing the dry powder with different solvents (water, ethanol, and ethanol/water) for 45 min at 308 K. The extracts were filtered and concentrated under reduced pressure.
Screening phytochemical analysis
The qualitative phytochemistry of the dry extract was achieved by colorimetric reactions and precipitation by specific chemical reagents according to the protocols given in the literature [24] [25] [26] . These tests revealed the presence of a number of compound groups of the three extracts.
Determination of Total Phenol Content (TPC)
The TPC of the extracts was investigated by the Folin-Ciocalteu method [27] . This method provided the total polyphenolic content of a given sample. The plant extract (100 μL), suitably diluted, was introduced into a test tube initially containing 6 mL of distilled water, then 500 μL of the Folin reagent was added and the mixture was stirred. After 5 min, a solution of 20% Na2CO3 (1.5 mL) was added while stirring.
The solution was adapted to 10 mL with distilled water. The absorbance of the sample was measured at 760 nm against water using a spectrophotometer UV-Visible kind Selecta after 2 h of incubation at room temperature. A calibration curve at different concentrations of gallic acid was plotted. The total phenol content in the extract was expressed by mg EGA/g of extract.
Determination of Total Flavonoids Content (TFC)
The total flavonoids content of various extracts of A. visnaga was determined by the QuettierDeleu method [28] . The method consists of mixing 1 mL of the extract with an equal volume of a solution of AlCl3, 6H2O (2%). After 10 min, the absorbance of the mixture was measured at 430 nm. The quantification of flavonoids was determined based on a linear calibration curve performed by quercetin at different concentrations. The results were expressed in milligrams equivalent to quercetin per gram of extract (mg EQ/g of extract).
Determination of Condensed Tannins (CT)
Condensed tannins (proanthocyanidins) were determined according to the Sun method [29] , with a slight modification. Four hundred microliters of extract were added to 1.5 mL of concentrated hydrochloric acid and 3 mL of a solution of vanillin (4% in methanol). After 15 min of incubation at room temperature, the absorbance was measured at 500 nm against methanol as a blank. The amount of total condensed tannins was expressed in milligrams equivalent to catechin per gram of extract.
Antioxidant activity determined by DPPH •
The antioxidant activity of the extract was evaluated by measuring the capacity of the antioxidant to reduce the DPPH • radical to 2,2-diphenyl-1-picrylhydrazil (DPPH-H), followed by the change from a violet (DPPH • ) to a yellow (DPPH-H) color, as shown in Fig. 1 , according to the method described by [30] . Indeed, 2 mL of various concentrations of the extracts (0.125-1 mg/mL) was combined with 0.5 mL of a methanolic solution of 1mM DPPH • . After the incubation period of 30 min, at 25 °C, the absorbance was measured with a white color made from methanol at 517 nm. The standards used were ascorbic acid and butylated hydroxytoluene (BHT) (0.125-1 mg/mL). Trials were performed to verify reproducibility. The results were expressed as percent inhibition (% inhibition) calculated according to Equation (1):
where AB is the absorbance of the control and AS is the absorbance of the sample. The antioxidant activity was expressed by IC50, which is the antiradical concentration required to cause 50 % of inhibition.
Electrochemical tests
The chemical composition of the mild steel was (in wt %) 0.11% C, 0.24% Si, 0.47% Mn, 0.12% Cr, 0.02% Mo, 0.1% Ni, 0.03% Al, 0.14% Cu, 0.06% W, 98.7% Fe, <0.001% Co, and <0.003% V. The steel samples were pretreated by grinding with abrasive paper, rinsed with distilled water, degreased in acetone, washed again with bidistilled water, and then dried at room temperature before use. The acid solution (1 M HCl) was prepared by dilution of an analytical reagent grade 37% HCl with doubly distilled water. The concentrations of different inhibitors were prepared with 1 M HCl addition.
Electrochemical measurements were carried out in a conventional three-electrode glass cell, conducted by a Bio-Logic potentiostat, and controlled with analysis software (Ec-Lab software V5.52). The working electrode was used as a rectangular specimen of mild steel with a surface area of 1 cm 2 .
Ag/AgCl (3 M KCl) was used as a reference electrode and a rectangular platinum foil was used as a counter electrode. The working electrode was immersed in 50 mL of the test solution during 30 min in open circuit potential (Eocp) to obtain a stable potential. The potentiodynamic polarization for mild steel in the test solution in the absence or presence of various extract inhibitions were recorded from -900 to -100 mV with a scanning rate of 1 mV s -1 . The corrosion parameters, such as cathodic Tafel slope (βc), corrosion current density (icorr), and corrosion potential (Ecorr), were evaluated by using Ec-Lab software. Impedance spectra were recorded in the frequency range from 100 kHz to 100 mHz with 10 points per decade at 308 K at an alternating current amplitude of ±10 mV ac voltage peak to peak. The impedance spectra, given in the Nyquist and Bode representations, were analyzed in terms of an appropriate equivalent electrical circuit implemented in Ec-Lab software. All experiments were repeated three times.
RESULTS AND DISCUSSION
Extraction yield of various extracts of A. visnaga
The results of the ultrasonic extraction efficiency by three solvents are given in Table 1 . The results of the ultrasonic extraction yield of different extracts of A. visnaga showed that the hydroalcoholic extract gave the highest value of 16.24%, followed by the aqueous extract, which gave a yield of 12.35%. Thus, the use of mixed solvents led to high enrichment of extracts with polyphenols [31] . The superiority of these solvents could be due to the increased solubility of phenolic compounds in mixed solvents when compared with pure solvents [32, 33] . [7] .
The results showed those phenolic molecules were more soluble in polar solvents than in nonpolar solvents. A considerable rise in extract yield was observed by the combination of water and an organic solvent system. The yield was more important with a solvent mixture compared with the solvents taken separately. Indeed, phenolic compounds are highly soluble in a mixture of organic and polar (water) solvents. Similar results were obtained by Ammor and Aourabi [34, 35] , and the extraction yield of the hydroalcoholic and ethanolic extract of A. visnaga obtained by Soxhlet gave values of 23.40% and 23.35%, respectively. The extracts obtained by ultrasonic extraction had low yields compared with those obtained by Soxhlet; this can be explained by the heating applied during the operation (Soxhlet) as well as the long extraction time. Hence, the extraction method as well as the type of solvent significantly influenced the extraction efficiency.
Screening phytochemical analysis
According to Table 2 , the screening phytochemical carried out on the various extracts of A. visnaga showed the presence of condensed tannins, flavonoids, and coumarins in all extracts. Alkaloids appeared only in aqueous and hydroalcoholic extracts. However, anthocyanins, leucoanthocyans, cardiac glycosides, monosaccharides, and holosides were absent in all three extracts. 
Determination of TPC
The phenolic content in different samples was influenced by the polarity of the solvent as well as the solubility of these compounds in the solvent used for extraction [34, 36] . The TPC values were obtained from the calibration curve equation (2):
(2) where Y is the absorbance and x is the concentration of the gallic acid solution (mg/mL).
The TPC values in different extracts of A. visnaga are shown in Table 3 . The TPC values of the extracts varied from 69 to 110 mg EGA/g extract. The TPC extracted by the various solvents can be classified in descending order: hydroalcoholic ˃ ethanolic ˃ aqueous. These results indicate that 70% of ethanol produced a greater phenolic yield than the other selected solvents. It should be noted that there was a trend between TPC and extraction efficiency, with the exception of the solvent ethanol, which gave a relatively high TPC value compared to its extraction capacity.
Determination of TFC
The content of flavonoids was determined by colorimetric reactions and the results are reported in Table 3 . The TFC of the extracts ranged from 18 to 34 mg of EQ/g extract in descending order: hydroalcoholic ˃ ethanolic ˃ aqueous. The TFC values were lower than the TPC values, which is logical because flavonoids are subclasses of polyphenolic compounds.
The obtained results were superior to [34] because the content of phenolic compounds varied by the extraction method according to [37] . The extraction of phenolic compounds by the combination of alcohol and water was more efficient when compared with extraction by a single solvent [38] , and the present results were in agreement with those found by [39, 40] .
Determination of CT
Tannins can be classified into two groups, namely, hydrolysable and condensed tannins [41] . As seen in Table 3 , the extracts had a high CT content, ranging from 20 to 65 mg of catechin/g extract. The results showed that the hydroalcoholic extract was characterized by a higher content of CT followed by ethanolic and aqueous extracts. 
Determination of antioxidant activity by the DPPH • method
The antioxidant activities of extracts depend on the ability of antioxidant compounds to lose hydrogen [42, 43] . The DPPH
• free radical, which is at its maximum wavelength of 517 nm, can easily receive an electron or hydrogen from antioxidant molecules to become a stable diamagnetic molecule [44] . The free radical scavenging effects of different concentrations of aqueous, ethanolic, and hydroalcoholic extracts of Ammi visnaga along with BHT and ascorbic acid are reported in Figure 2 . The antioxidant activity of the extracts was compared to BHT and ascorbic acid as synthetic antioxidants. The free radical scavenging effects of different concentrations of aqueous, ethanolic, and hydroalcoholic extracts of A. visnaga along with BHT and ascorbic acid are reported in Figure 2 . The antioxidant activity of the extracts was compared to BHT and ascorbic acid as synthetic antioxidants.
It can be seen from Fig. 2 Table 4 , the IC50 found in this study for the hydroalcoholic extract of A. visnaga was as high as 1.7 mg/mL, followed by the ethanolic extract with 2.4 mg/mL, whereas 3.05 is obtained for the aqueous extract when compared to 0.24 and 0.19 mg/mL for BHT and ascorbic acid, respectively. The high capacity of the hydroalcoholic extract to trap free radicals could be attributed to the presence of a high polyphenol content according to [45, 46] . Our results were in agreement with other researchers [34, 40] .
From these results, it can therefore be concluded that the antioxidant activity of the extract was closely dependent on the selected solvent [47] . Aqueous extract correlation appeared with condensed tannins, referring only to R 2 . Similar results were found by [44] with a good trend between the total phenol profile and the antioxidant activity of the plant extracts, suggesting that phenolic compounds are responsible for the antioxidant activity of those extracts. However, our perception of the analysis of these results must in no way be based on the simple data of R 2 but also on the basis of p-values. Indeed, the different values obtained were 20.47%, 16.80%, and 4.12% for TPC, TFC, and CT, respectively (cf. Figure 3) . Following these results, it thus appears clearly that the p-values exceeded by far the 5% tolerated, so that a model was retained as a linear regression model except for the case of CT. Thus, the quality of the model reflecting the linear dependence between IC50 and CT was the best and those corresponding to TPC and TFC were rejected, notwithstanding the higher values of R 2 . According to Figure 4 , the cathodic curves showed Tafel behavior, which shows that the mechanism for reducing H + ions at the cathode surface sites of mild steel is through a charge transfer mechanism.
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PP measurements
The cathodic branch of the polarization curves for the three extracts of Ammi visnaga was shifted, indicating that the chemical constituents of the extracts had a separate effect on the cathodic process. In addition, the different extracts affected the anodic branch at different degrees, indicating that their inhibitive effect depended on the type of solvent only at over potential lower than -0.3 V vs. Ag/AgCl, 3 M KCl. The anodic shift for steel in the presence of different extracts was in the following order: hydroalcoholic ˃ ethanolic ˃ aqueous.
The electrochemical parameters, such as corrosion current density corr i , corrosion potential corr E , cathodic Tafel slope c  , and inhibition efficiency % PP  are given in Table 5 . Inhibition efficiency % PP  was calculated from the corrosion current density values according to Equation (3) The analysis of Table 5 shows that corrosion current densities decreased considerably with the addition of different extracts of A. visnaga. As a result, the hydroalcoholic extract gave the highest inhibitory efficacy of 85.22% when compared with ethanolic extract (76.52%) and aqueous (72.94%). These results suggest that the protective adsorption film formed onto the surface of mild steel tended to be increasingly high and stable with the addition of the hydroalcoholic extract. The addition of different inhibitors caused a slight shift in corrosion potential compared with that without an inhibitor. In this study, the corrosion potential moved anodically between 12 and 17 mV compared with the solution without an inhibitor. Based on literature reports, if the displacement of corrosion potential is greater than 85 mV, the inhibitor can be considered as a cathodic or anodic type inhibitor, while when the displacement is less than 85 mV, the inhibitor can be classified as a mixed type inhibitor [49] . Accordingly, the obtained results revealed that the extracts here acted as mixed-type inhibitors.
EIS measurements
The EIS measurements were performed to obtain information on the elementary steps that make up the overall electrochemical process. Fig. 5 shows the Nyquist diagram after 30 nm of immersion of the mild steel in an acid medium at an open circuit in the presence or absence of the various extracts of A. visnaga. The impedance diagrams were performed over the frequency range of 100 kHz to 100 mHz. The recorded EIS spectra for mild steel in 1 M HCl at 308 K showed one depressed capacitive loop.
A similar trend (a capacitive loop) was also noticed for mild steel immersed in 1 M HCl containing 0.01 g L -1 of different extracts. Further, the above impedance diagrams were in the form of a depressed semicircle, the center of which was located under the real axis, showing that the overall corrosion process was controlled by the charge transfer step. Such behavior is characteristic of solid electrodes and is generally ascribed to Cole-Cole [50, 51] and/or Cole-Davidson [52] representations inherent to frequency dispersion. This phenomenon is generally attributed to different physical processes such as the nonhomogeneity of the electrode surface or its roughness during the corrosion process, adsorption of inhibitors, and formation of porous layers [49] . 5 shows that the diameter of Rct increased after the addition of different extracts to the corrosive solution [50] . This increase became more and more pronounced with addition of hydroalcoholic extract, which indicates more adsorption of phenolic compounds on the metal surface when compared with ethanolic and aqueous extracts, respectively.
In order to confirm the proposed mechanism, it would be very practical to draw Bode diagrams that explicitly show frequency information at high frequencies. The mild steel Bode diagrams, which were obtained in a 1 M HCl solution with or without different extracts of A. visnaga, are given in Fig. 6 .
The Bode diagram presented in the Fig. 6 is characterized by the presence of a single oblique slope, a single time constant, and a single maximum in the intermediate frequencies on the diagrams (log f -log |Z|) and (log f -φ), respectively, which proves that corrosion in 1 M HCl mild steel solution was mainly controlled by a charge transfer process (RP = Rct) [49] .
A detailed analysis of the (log f -log |Z|) and (log f -φ) on mild steel indicated the existence of three main regions. In the first one (1), at high frequencies ranging from 4 to 100 kHz, the impedance modulus |Z| as well as the phase angle φ were very low, corresponding to an ohmic resistance Rs of the electrolytic solution (1 M HCl) between the working and reference electrodes. The second region (2), between 3 Hz to 4 kHz, showed a linear dependence of log|Z|-log f with a slope, ∂(log|Z|) / (∂log f), and a phase angle φ far from -1° and 90°, respectively, reflecting then a nonideal condenser [53] [54] [55] corresponding to the capacitance of the mild steel/solution interface (in the absence or presence of different extracts of A. visnaga in the solution). For region (3), corresponding to low frequencies (from 0.1 to 3 Hz), the impedance modulus |Z| was again practically independent of frequency and was accompanied by an abrupt decrease of the phase angle φ → 0. Thus, the impedance modulus |Z| in this region corresponded to the sum of the charge transfer and the electrolytic resistance (| | = + ). Evidently, regions 1 and 3 showed typical ohmic behavior, with |Z1| = Rs and | 3 | = + , respectively. Based on the analysis of the Nyquist and Bode diagrams, the simulations of impedance diagrams with the modified Randles model containing a constant phase element CPE, instead of a double layer capacitance in parallel to the load transfer resistance Rct, were all in a series with another resistance corresponding to the resistance of the electrolyte solution Rs, which showed excellent agreement with the experimental data. This equivalent circuit proposed for the studied interface is shown in Fig. 7 . The impedance of CPE is defined by the mathematical expression [45, 51] given in Equation (4):
where Q is a proportional factor (in µF s n-1 cm -2 ), j is an imaginary number with 2 j = -1, n is an exponent related to the phase shift, ω is the angular frequency in rad -1 (
, and max f is the frequency of which the imaginary component of the impedance is maximal. The double layer pseudo capacitance Cdl was calculated by Equation (5) according to [49, 54] :
The Rct was used to calculate the inhibition efficiency ηEIS% of different extracts of Ammi visnaga, given by Equation (6) of the margins of error calculated for some parameters are also reported in Table 6 . Table 1 shows that the quality of fitting to the equivalent circuit was judged by the chi-squared value 2  [56] . The corresponding values (0.011-0.001), reported in Table 6 , demonstrate the good quality fitting with the proposed circuit.
Inspection of the impedance data corresponding to the three extracts reported in Table 6 revealed that the ct R of the mild steel increased considerably after the addition of 0.01 g L -1 of different extracts (aqueous, ethanolic, or hydroalcoholic) to 1 M HCl solution and attained a maximum value of 738 Ω cm 2 in the presence of the hydroalcoholic extract, followed by the ethanolic (547 Ω cm 2 ) and aqueous (374 Ω cm 2 ) extracts. The value of the Q parameter of CPE and also the pseudocapacity of the double layer Cdl decreased, which could have been due to an increase in the thickness of the double layer and/or a decrease in local dielectric constant. This may be due to the progressive replacement of ions and water molecules adsorbed on the surface by the adsorption of inhibiting molecules on the metal surface [49, 55, 56] . Furthermore, the excellent inhibitory properties of the hydroalcoholic extract can be interpreted as being the result of the intense presence of adsorbent phenolic molecules in the hydroalcoholic extract when compared with the ethanolic and aqueous extracts.
The present study shows for all EIS spectra that n < 1, with or without different extracts, showing the surface heterogeneity despite the adsorption of the inhibitor molecules contained in the different extracts on the active adsorption sites of the electrode surface.
Correlation between phenolic compounds and inhibition efficiency
Aqueous
Ethanolic Hydroalcoholic Figure 8 that the evolution of CT in the three extracts followed the same trend as the inhibition efficiency %  obtained from both Tafel and EIS measurements, whereas others tendencies were registered with TPC and TFC. Thus, it can easily be concluded that the inhibitory properties of A. visnaga may be attributed to condensed tannin present in extracts.
Relation between antioxidant and inhibition efficiency of A. visnaga extracts
The relationships between IC50 and inhibition efficiency %  (calculated from icorr and Rct) were analyzed by comparing the trends of IC50 and those of inhibition efficiency by Origin 6.0. The correlation between IC50 and inhibition efficiency in the three extracts are plotted in Fig. 9 .
Aqueous
Ethanolic Hydroalcoholic 9 shows that the IC50 values decreased considerably with the hydroalcoholic extract when compared with the ethanolic and aqueous extracts, respectively. As opposed to this trend, the corrosion inhibition efficiency increased. In addition, the strong correlation between CT and IC50 as well as CT and inhibition efficiency reported in Figs. 3 and 8 , respectively, as well as the strong presence of CT in the hydroalcoholic extract with the highest content (65.20 mg of catechin/g extract) when compared with the other extracts (cf. Table 2 ), can be attributed to their increased solubility, which is likely inherent to the decreased polarity of the hydroalcoholic solvent.
Consequently, all these results illustrate a similar trend between antioxidant and anticorrosive activities and their strong dependence on the CT content.
CONCLUSION
This study showed that the extraction solvent had a significant effect on the phenolic profiles of different extracts of A. visnaga and therefore on antioxidant activity.
The results showed that hydroalcoholic extraction gave the maximum yield. Quantitative analysis showed that the hydroalcoholic extract had the the highest TPC, TFC, and CT when compared with the ethanolic and aqueous extracts, thus providing an intense capacity to trap free radicals.
The correlation between the phenolic compounds (TPC, TFC, and CT) and IC50 of the different extracts showed that the condensed tannin content of the different extracts was very well correlated with IC50.
The electrochemical analysis suggested that different extracts of A. visnaga have an inhibition action in acidic media. A good trend was obtained between the corrosion inhibition properties of A. visnaga extracts and their total phenolic content and antioxidant activity.
